Abstract. In spring 2006, biomass burning aerosols from eastern Europe were transported extensively to Finland, and to other parts of northern Europe. They were observed as far as in the European Arctic. In the first part of this paper, temporal and spatial evolution and transport of these biomass burning aerosols are monitored with MODIS retrieved aerosol optical depth (AOD) imagery at visible wavelengths (0.55 µm). Comparison of MODIS and AERONET AOD is conducted at Tõravere, Estonia. Then trajectory analyses, as well as MODIS Fire Mapper products are used to better understand the type and origin of the air masses. During the studied four-week period AOD values ranged from near zero up to 1.2 at 0.55 µm and the linear correlation between MODIS and AERONET was very high (∼0.97). Temporal variability observed within this fourweek period was also rather well explained by the trajectory analysis in conjunction with the fire detections produced by the MODIS Rapid Response System. In the second part of our study, the surface measurements of global and UV radiation at Jokioinen, Finland are used to study the effect of this haze episode on the levels of surface radiation. We found reductions up to 35% in noon-time surface UV irradiance (at 340 nm) as compared to typical aerosol conditions. For global (total solar) radiation, the reduction was always smaller, in line with the expected wavelength dependence of the aerosol effect.
Introduction
The atmosphere in southern Finland is generally relatively clean from aerosols, particularly in non-urban areas. However, haze episodes, that vary in strength, take place occasionally. They are observed particularly in spring, but someCorrespondence to: A. Arola (antti.arola@fmi.fi) times also in autumn, due to long-range transported aerosols. The episode observed in spring 2006 was exceptionally severe, when biomass burning aerosols from eastern Europe were transported extensively to Finland, and to other parts of northern Europe. In April and May 2006, a large number of widespread fires occurred in the Baltic countries, western Russia, Belarus and Ukraine. They were initiated and spread by the smaller fires owing to the practice of farmers to burn agricultural fields ahead of the growing season in order to make them more fertile. Stohl et al. (2007) presented a detailed analysis of this episode using various measurements of air pollution in the European Arctic. Our paper concentrates on the effects of this episode on aerosol optical properties and surface radiation levels in southern Finland and its near surroundings. First, we study the spatial and temporal evolution of particulate matter spread from these forest fires. For this, we used trajectory analysis and MODIS satellite-retrieved aerosol optical depth (AOD). In addition, the MODIS Fire Mapper product was used for achieving a better understanding of the variability of the fires in the source region of this plume of biomass burning aerosols. Finally, to ensure that the MODIS AOD data are quantitatively correct, they were compared with ground-based measurements at the AERONET (AErosol RObotic NETwork) station of Tõravere, Estonia.
In the second part of this paper, we use this analysis of the prevailing aerosol conditions for investigating the effects of this episode of biomass burning aerosols on surface radiation levels at Jokioinen, southern Finland. Already a visual examination of ultraviolet (UV) irradiance measurements at Jokioinen during this episode revealed significant reductions compared to what would be expected under typical aerosol conditions in southern Finland this time of the year. Thus, it was clear from the start that these biomass burning aerosols exerted a strong effect on the amount of UV radiation reaching the surface. Earlier results indeed indicate that aerosols can cause a considerable reduction in the surface UV irradiance. In the extreme, this reduction can be up to 50% (e.g., Reuder and Schwander, 1999; Krotkov et al., 1998) , although more typical values for this reduction associated with biomass burning aerosols range from 15-35% (e.g., Latha et al., 2004; Kalashnikova et al., 2007) . The net effect that atmospheric aerosols exert on the surface radiation is a complex matter and strongly depends on both scattering and absorption characteristics, which in turn depend on wavelength and relative humidity. Therefore, different commonly observed tropospheric aerosol types (e.g. sulfate, dust, organic carbon, black carbon, and sea salt) impose different radiative effects, mainly due to the differences they have in the absorption efficiency. For instance, Balis et al. (2004) showed that for the same AOD, the UV-B irradiances at the Earth's surface can show differences up to 10%, which can be attributed to differences in the aerosol type. Our study focuses on the effect induced by a strong event of biomass burning particles embedded in the continental background aerosols.
As the transmission of the atmosphere containing aerosols typically increases with increasing wavelength, the aerosolinduced reduction is expected to be more pronounced at shorter wavelengths (e.g., Erlick and Frederick, 1998; Kalashnikova et al., 2007) . By combining surface irradiance measurements at Jokioinen and radiative transfer modeling with information on the aerosol conditions, we investigated the effect of this spring time haze episode on surface radiation levels. Our analysis includes measurements of both UV and global radiation (total solar), and thus also highlights the wavelength dependence of the aerosol effect.
Data and methods

MODIS
There are currently two MODIS (MODerate Resolution Imaging Spectroradiometer) instruments, the first launched on 18 December 1999 onboard the Terra and the second on 4 May 2002 onboard the Aqua platform (Remer et al., 2005) . MODIS aerosol products are freely available and are extensively used, for instance for studies of aerosol direct and indirect radiative effects (e.g., Christopher and Zhang, 2004; Yu et al., 2004) . The MODIS AOD data are available over the oceans globally and over a portion of the continents. Further, the aerosol size distribution is derived over the oceans, and the aerosol type over the land surface. We used Level 2 data from Collection 4, at the spatial resolution of 10 by 10 km, and extracted the parameter within 0.2 degree in latitude and longitude from the given location. We used the data from both Terra and Aqua platforms.
In addition to AOD, we used also theÅngström exponent, available from MODIS aerosol products and estimated from AOD values at 0.66 µm and 0.47 µm. The wavelength dependence of AOD is usually described by the following formula calledÅngström law:
where λ is in µm.Ångström α and β parameters are also often calledÅngström exponent and turbidity parameter, respectively. We used the MODISÅngström exponents to relate the MODIS AOD at 0.55 µm to ultraviolet wavelengths (0.34 µm). Admittedly, some uncertainty is introduced when estimating AOD at UV wavelengths usingÅngström α retrieved in the visible band.
AERONET
AERONET (AErosol RObotic NETwork)is a world-wide network of automated ground-based CIMEL sunphotometers providing spectral aerosol optical depth (AOD), inversion products of other aerosol optical properties, such as single scattering albedo (SSA) and the column integrated aerosol size distributions above the measurement site (Holben et al., 1998) .
There are some differences in the wavelengths that are measured depending on the exact type of CIMEL. Typically the sunphotometers, that are currently installed, take measurements of the direct sun radiance at eight spectral channels (340, 380, 440, 500, 670, 870, 940 and 1020 nm) with triplet observations per wavelength and diffuse sky radiances at four spectral channels (440, 670, 870 and 1020 nm).
For our study, we used the version 1.5 data of Tõravere (58.26 N, 26 .46 E), as obtained through the AERONET webservice. In addition to AOD that is a measure of aerosol total extinction (scattering and absorption), we also used SSA to constrain our radiative transfer simulations. SSA is the ratio of scattering to total extinction. Thus a value of one means that only scattering takes place and the smaller the value of SSA, the larger is the contribution from absorption.
Surface observations at Jokioinen
The observatory of Jokioinen (60.81 N, 23 .50 E) is located in a rural area in southern Finland, surrounded by crop fields and mixed boreal forest. The spectral surface UV irradiance at Jokioinen is measured with a Brewer MKIII double monochromator spectrophotometer. The instrument is calibrated regularly and the data is corrected for major instrumental errors. The Brewer at Jokioinen meets the WMO level S-2 requirements (Seckmeyer et al., 2001 ) for detection of trends. More detailed information on the measurement procedure is given in Koskela et al. (1994) .
In this study, the UV irradiance at 340 nm was chosen for closer examination, since it is not influenced by ozone absorption to any great extent. In addition, we used ancillary data including global radiation (300-3000 nm) measured with a Kipp and Zonen CM11 pyranometer, sunshine duration measured with an electronic sunshine recorder (Lindfors et al., 2003) and SYNOP cloud amount. Figure 1 shows MODIS derived AOD values at 0.55 µm during a four-week-period for Tõravere as well as for Helsinki and Jokioinen in Finland. It is apparent that there is a strong temporal variability in AOD during this biomass burning episode, with the highest values reaching as high as 1.2. In the following, we first investigate the temporal variability in more detail and compare AERONET and MODIS AOD data. Thereafter, we examine the effect of this plume of biomass burning aerosol on the surface irradiances of both UV and global radiation at Jokioinen.
Results
Comparison of MODIS and AERONET derived AOD
In the comparison of AERONET and MODIS AOD at Tõravere, we required that the time difference between MODIS overpass and the ground-based AOD measurement was less than one hour. As a spatial comparability requirement, we included MODIS AOD data only if the distance from the center of MODIS pixel to the station was less than 0.2 degree, both in latitude and longitude. Figure 2 shows the comparison between MODIS and AERONET measurements at 0.55 µm. The data period covered is from 17 April to 11 May 2006. The correspondence is very good with a linear correlation coefficient of ∼0.97. There are almost 30 observations that meet the spatial and temporal selection criteria. The label "mean" in the figure refers to the absolute difference, that is calculated by taking the difference of MODIS and AERONET AOD. The standard deviation is calculated from these differences. Figure 3 shows the same comparison as in Fig. 2 , but this time as time series. Interestingly, there are few days when drastically cleaner air mass is transported into the region and AOD is temporarily decreased, most distinctly on 30 April.
The observed good correlation is likely partly due to the fact that this period exhibited a clear range of AOD values; it included both very high AOD values but also significantly lower values during some days, when the air masses arrived from outside biomass burning areas. Both MODIS and AERONET show, for instance, the strong decline in AOD on 30 April. These cases are discussed in more detail below.
We want to emphasize that the period in our study is rather short to make any comprehensive comparison against previous validation studies. Moreover, since the earliest validation studies (e.g., Chu et al., 2002; Remer et al., 2002 ) the MODIS aerosol algorithm has been further modified and improved. However, generally our results seem to be in agreement with, for instance, Remer et al. (2005) who compared MODIS AOD against a great number of AERONET stations. They found slight overestimation at low optical thicknesses, while the opposite happened at the highest aerosol loadings. They speculated that the surface reflectance treatment in the satellite retrieval would be the likely reason for the overestimation, while the insufficient light absorption is causing the overestimation at high AOD. Currently, the Collection 5 version of MODIS AOD are already available, and these data are likely improved in these respects.
In order to study this variability in AOD in more detail, we used HYSPLIT-based trajectories (Rolph, 2003) to determine the origin of air masses arriving at Tõravere, as well as MODIS Fire Mapper products to give an idea about the location and extent of fires at each day. Figure 4 shows the active fires detected by the MODIS Rapid Response System from 28 April to 30 April. According to these data, it seems that there was a slight decrease in the number of active fires on 29 April, one day before the low AOD was measured at Tõravere, at a distance from these fire areas.
If the slightly ceased fires on 29 April are combined with the trajectory analysis, one finds further support for the very low AOD on 30 April. In Fig. 5 a set of trajectories are shown that arrived at different altitudes at Tõravere, 12:00 UTC on 30 April. The trajectories one day before, as well as one day after (not shown), indicate that the air masses arrived dominantly from the south-east, from the region of active biomass burning, while the weather system on 30 April brought temporarily more easterly and thus cleaner air.
The temporal short-term variability measured by the ground-based instrument is also supported by the spatial variability, the large-scale view that the space-borne instrument is able to capture. Shown in Fig. 6 is the MODIS AOD at 1 by 1 degree resolution clearly illustrating how the tongue of cleaner air is pushing for large areas in Estonia and Finland on 30 April supporting our results. 
Aerosol effect on solar UV and global radiation
As aerosols vary not only in space and time, but also in shape and composition, so does the effect they exert on radiation; ultimately, this effect is determined by the radiative properties of the individual aerosol particles together with how they are distributed within the atmosphere. Usually, however, such detailed information is not available. Instead, various approximations may be used, for instance, standard aerosol properties for different source regions or aerosol climatologies (Shettle, 1989; Koepke et al., 1997) . On the other hand, if measurements on the aerosol properties are available, more detailed information can be added to these standard cases.
Our approach for investigating the effect of biomass burning aerosols on the surface irradiances of both UV and global radiation was to use radiative transfer modeling by the libRadtran package (Mayer and Kylling , 2005) . The radiative transfer simulations were performed as follows: we assumed the standard atmospheric profiles for mid-latitude summer by Anderson et al. (1986) , a surface albedo of 0.05 for UV wavelengths and 0.12 for global radiation, and we used the disort2 solver of the radiative transfer equation with 8 streams. For calculations of global radiation, we used the kato2 parameterization (Kato et al., 1999) included in libRadtran, and a constant total water vapor column of 13 kg/m 2 representative for spring in southern Finland (according to the ERA-40 reanalysis; Uppala et al., 2005) . When simulating the UV irradiances, the slit function of the Brewer at Jokioinen was taken into account, and the calculations were performed using a constant total ozone column of 380 DU. Figure 7 shows the weather conditions at Jokioinen during this haze event. The global radiation and sunshine duration both indicate that the weather in general was sunny during this period. This was furthermore supported by the cloud observations (not shown).Thus, all radiative transfer simulations were performed assuming cloudless skies, which excludes one significant source of uncertainty, namely clouds, and thus makes the analysis of the data easier. The following days were virtually cloud free and hence chosen for closer examination: 24, 26, 27, and 30 April, as well as 1 and 5 May. Unfortunately, no Brewer UV measurements were available for 5 May, which was hence left out of our analysis.
Regarding the aerosol setup of the model, we defined two different cases: (i) a clean model run with background aerosols resembling the typical conditions this time of year at Jokioinen, and (ii) a polluted run with realistic aerosols, as observed during this episode. For both cases, we assumed the rural background aerosol profile, as defined by Shettle (1989) . These settings were then successively adjusted as follows. First, the aerosol optical depth and its wavelength dependence were scaled according to theÅngström law (Eq. 1). Thereafter, the single scattering albedo was defined. In the polluted model run, theÅngström parameters (α and β) were taken from the MODIS measurements, while for the clean run, they were set to 1.4 and 0.04, respectively, corresponding to an AOD of 0.18 at 340 nm and 0.09 at 550 nm. Since no estimates of the single scattering albedo were available for Jokioinen during this episode, we set its value to 0.92 in the polluted run. This corresponds to the mean value during the period of interest as measured by the AERONET station at Tõravere. For the clean run, the single scattering albedo was set to 0.96 in agreement with the rural background aerosol type.
The impact of aerosols on surface radiation depends not only on the aerosol loading and absorption efficiency, but also on the the solar zenith angle which modifies the optical path through the atmosphere. Because our analysis was based on MODIS AOD data available for times near local noon, we focused on the aerosol-induced decrease in the noon irradiances. As mentioned above, our analysis included days from 24 April to 1 May (Fig. 8) corresponding to noon solar zenith angles between 48 and 45.7. Figure 8 shows the results of our radiative transfer calculations in comparison with measurements. It is clear that the polluted run agrees much better, and rather satisfactorily, with the measurements of both UV and global irradiances. The discrepancies between modeled and measured noon irradiances range from -3% (on 26 April) to +1% (27 April) for both UV and global radiation. The effect of aerosols on the surface irradiances is seen as the difference between the clean background simulation and the measurements. During most days, there was a clear reduction in the surface irradiances because of the prevailing aerosol conditions. Two cleaner days constitute the exception here: 24 April, before the onset of the aerosol episode, and 30 April, a clean day in the middle of the episode (as discussed above). Especially for 24 April, the agreement between the clean model run and the measurements give confidence in that the clean run indeed represents the typical aerosol conditions at Jokioinen this time of the year. As expected based on the typical wavelength dependence of the aerosol effect, the aerosol-induced reduction is more pronounced in the UV than for global radiation. In the UV, a reduction of roughly 35% (25%) is seen on 27 April (26 April). This is the same order of magnitude as found by, for instance, Kylling et al. (1998) for summer conditions in Greece. Recently, Kalashnikova et al. (2007) studied the influence of biomass burning aerosols on the UV irradiance in Australia. Also they found reductions of similar magnitude. In the present work, we found significant reductions (15% on 27 April) also in the global irradiances. It is emphasized that both Kylling et al. (1998) and Kalashnikova et al. (2007) investigated the aerosol effect on surface irradiance with respect to aerosol-free conditions, while we included typical aerosol conditions in our clean run, as described above. Therefore, in our case, a comparison against aerosol-free conditions would have resulted in few percent higher reduction in UV.
Conclusions
The atmosphere in southern Finland is generally relatively clean from aerosols, particularly in non-urban areas. However, haze episodes in spring and autumn occur occasionally and the event in spring 2006 was exceptionally strong. During that time, biomass burning aerosols from eastern Europe were transported extensively to Finland, and to other parts of northern Europe. Our paper describes a compact study, exploiting surface irradiance levels measured at Jokioinen, Finland and aerosol optical depth (AOD) measurements at Tõravere, Estonia during this same episode. Moreover, MODIS AOD measurements were obtained for these sites and MODIS imagery was also used for monitoring of spatial and temporal evolution of particulate matter spread from these fires.
In the first part of our study, we compared AERONET and MODIS AOD at Tõravere, Estonia. In this comparison, we found a very good correlation, although it is emphasized that this four-week study period is rather short to be compared against previous MODIS validation studies with longer-term data sets. However, our results clearly indicate the potential MODIS AOD data offer in AOD monitoring. During this event of biomass burning aerosols, clear AOD variability was apparent in the measurements. This large range in AOD obviously partly explains the high correlation (∼0.97) between MODIS and AERONET measurements.
The day-to-day AOD variability was also investigated using HYSPLIT generated trajectories. The 24-h backward trajectories were used to assess the origin of the air masses arriving at Tõravere. Together with MODIS Fire Mapper product, they gave further support for those days with low measured AOD (30 April most distinctly) during the episode of otherwise elevated aerosol loading.
In the second part of our paper, we discussed the impact that this intrusion of biomass burning aerosols had on the surface radiation levels measured in southern Finland. The station of Jokioinen is not generally influenced by industrial or urban activities to any large extent. Therefore, it was an ideal site to study the radiative effects exerted by the transport of biomass burning aerosols. For this purpose, we used both UV and global irradiance at Jokioinen. Many days with cloudless weather made possible a more detailed analysis of how this episode reduced the surface irradiances. The study period exhibited a rather strong short-term variability in the surface irradiances (for instance, around 29 April to 1 May). The good agreement between polluted model run and measurements suggests that the MODIS AOD used for UV wavelengths in our radiative transfer calculations is representative for the real conditions, and also well captures the day-to-day AOD variability. Reductions of up to 35% compared to typical aerosol conditions were found at 340 nm. For global radiation, the reduction was always smaller, in line with the expected wavelength dependence of the aerosol effect. Our results are comparable to the aerosol-induced UV reduction given, for instance, by Kalashnikova et al. (2007) for biomass burning aerosols in Australia. They reported 20-25% decrease in UV at 320-400 nm, for an aerosol loading similar to the average during event studied in this paper (with AOD of 0.6 at 500 nm).
